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For more information, including our policy and submission procedure, please contact the Repository Team at: usir@salford.ac.uk. 1 Recently, the growth and characterization of thin ferromagnetic films on semiconductors has been of particular interest, as such structures have potential for ''spin-electronic'' devices; i.e., devices that combine control of both the charge and the spin of the electron. 2 As a model system, FeGaAs͑001͒ has attracted attention, particularly because of its growth behavior. [3] [4] [5] [6] However, while there has been a report on the magnetic anisotropy of Fe films on vicinal Au and Ag surfaces, 7 work on Fe films grown on GaAs substrates has concentrated on singular GaAs surfaces. In this letter, we report an investigation of epitaxial Fe films grown directly on vicinal GaAs͑001͒ substrates, which shows that the presence of steps on the surface significantly influences the properties of the Fe overlayers.
As distinct from singular surfaces, vicinal GaAs͑001͒ substrates are formed by cutting the crystal a few degrees from an exact low-index orientation, usually towards a specific crystallographic direction. The minimum energy state of such a surface consists of a series of flat terraces, having a precise low index, separated by steps. In the case of a small value of off-cut angle on GaAs͑001͒, the average step separation is sizable ͓e.g., about 50 Å for a 3°''off-cut'' GaAs ͑001͔͒. While maintaining sizable flat terraces, the presence of the steps is known to promote single-surface reconstructions. 8 Homoepitaxial growth on semiconductors maintaining a stepped surface is possible under correct growth conditions. 9 The quasiperiodicity of the steps has also been exploited to produce quantum wires. 10 As a first step in the study of Fe grown on vicinal GaAs surfaces, GaAs͑001͒ substrates (n ϩ doped͒ with 3°off cut towards ͑111͒A, as well as their singular counterparts, were used in the present study. The vicinal substrates have steps that are perpendicular to the ͓110͔ direction, with edges running parallel to the ͓110͔ direction. A further 1.5 m epitaxial GaAs layer (n type, with doping concentration 2ϫ10 18 cm Ϫ3 ͒ was grown by molecular-beam epitaxy ͑MBE͒ on both the singular and vicinal substrates. The surface of the substrate was then capped with amorphous As.
Experiments were carried out in a ultra-high-vacuum ͑UHV͒ chamber ͑base pressure better than 3ϫ10 Ϫ10 mbar͒ on the undulator line 5U.1 at the SRS Daresbury Laboratory, as well as in the Leeds University MBE chamber. The stepped surface of the substrate was confirmed by reflection high-energy electron diffraction. The amorphous-As layer was removed in UHV, prior to any measurements, by heating the samples. Clean GaAs surfaces with a variety of As 3d to Ga 3d core-level peak intensity ratios were investigated. For simplicity, we label those reported in this work as the following: ''sample A'' and ''sample B'' vicinal surfaces with ratios 1.09 and 0.92 at zero Fe coverage; ''sample C'' and ''sample D'' singular surfaces with As 3d/Ga 3d ratios of 1.12 and 0.97, respectively. For convenience, the substrates with the higher ratio values ͑samples A and C͒ will simply be referred to as ''As rich'' and those with the lower ratios ͑samples B and D͒ as ''Ga rich.'' For singular ͑001͒ surfaces, we have reported elsewhere that the evolution of sec-ondary electron-spin polarization with Fe film thickness is highly dependent on such differences in the substrate surface stoichiometry, notwithstanding the experimental difficulties associated with controlling the value of the ratio precisely.
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The sample preparation and Fe deposition conditions are as in that study. In situ low-energy electron diffraction ͑LEED͒ was employed to monitor structural ordering at different stages of Fe film deposition.
The incident photon energy was 120 eV and a Ϫ20 V bias was applied to the sample in order to suppress any stray electrons. A magnetizing current pulse, producing an inplane magnetic field along the ͓100͔ direction of the substrates, allowed the polarization measurements to be performed in remanence. The photoelectrons were energy analyzed in a 50-mm-radius hemispherical energy analyzer and spin resolution was achieved with a Mirco-Mott polarimeter ͑20 kV working voltage͒. The polarimeter is equipped with four independent detectors allowing simultaneous determination of the two transverse polarization components. These directly relate to magnetization in the ͓100͔ and ͓010͔ directions of the substrate. The effective Sherman function of the Micro-Mott polarimeter, operated at 20 kV and with an energy window of 400 V, was estimated to be 0.12. Secondary electron-polarization measurements were normally carried out on 0.1 eV kinetic-energy secondary electrons, as the electron count rate at this kinetic energy is very high. For the spin-resolved measurements, the energy resolution was, typically, set to 0.4 eV. Both valence-band photoemission and secondary electron emission are much more surface sensitive than magneto-optic Kerr rotations, and the spin polarization of the secondary emission is thus a measure of the surface magnetization. Figure 1͑a͒ shows a typical spin-integrated survey spectrum of photoelectrons taken from vicinal GaAs with 6 Å nominal thickness of Fe ͑sample B͒. The Fe 3 p, As 3d, and Ga 3d core levels can be clearly identified. It is also interesting to note that the metallic-like Fermi edge is well defined and the LEED patterns clearly indicate epitaxial growth. Unexpectedly, we also found that the LEED spots were considerably brighter and sharper for the vicinal films than for the singular films ͑at all Fe thicknesses͒, clearly indicating that the vicinal films had better structural quality than their singular counterparts. Figures 1͑b͒ and 1͑c͒ illustrate the change in relative peak intensity of the As 3d and Ga 3dcore levels with increasing Fe film thickness. In Fig. 1͑c͒ , it is obvious that the relative Ga core-level intensities vary in a very similar manner for all of the samples. In contrast, the As core levels in Fig. 1͑b͒ decay at a much slower rate, indicating substantial As diffusion into the Fe overlayers, and it is clear that the As diffusion is greater in the vicinal films than in the singular films. Figure 2 summarizes the secondary electron-spinpolarization data for samples A to D. The results for films on As-rich substrates are plotted in Fig. 2͑a͒ , and those for films on Ga-rich substrates are plotted in Fig. 2͑b͒. In Fig. 2 , the squares are for vicinal substrates and the circles for singular substrates. Films grown on the As-rich and the Ga-rich singular substrates ͑samples C and D, circles in Fig. 2͒ exhibit very different polarization behavior. For the As-rich singular case the anomalous behavior is associated with complex domain structure as indicated by measurements of Kerr rotations. 11 In contrast, the polarization behavior of the two vicinal films ͑samples A and B, squares in Fig. 2͒ is very similar. This preliminary finding suggests that either the geometrical influence of the steps and/or the presence of significant amounts of surface As over-rides the destabilizing influence of the initial surface stoichiometry of the GaAs substrate.
FIG. 1. Spin-integrated core-level photoelectron data. ͑a͒ A typical survey spectrum of 6 Å Fe on a Ga-rich vicinal GaAs͑001͒ substrate; ͑b͒ relative As 3d photoemission peak intensities with Fe coverage; ͑c͒ relative Ga 3d photoemission peak intensities with Fe coverage. Samples A, B, C, and D identify the substrates as As-rich vicinal, Ga-rich vicinal, As-rich singular, and Ga-rich singular, respectively.
FIG. 2.
Spin polarization of secondary electrons as a function of Fe coverage. ͑a͒ As-rich substrates and ͑b͒ Ga-rich substrates. The squares indicate vicinal substrates ͑samples A and B͒ and the circles singular substrates ͑samples C and D͒. The inset in ͑b͒ shows the rotation of the spinpolarization vector for Ga-rich vicinal and Ga-rich singular substrates. 0°a nd 90°axis directions are along one of the ͗100͘ directions of the GaAs. The magnetizing field is along the 90°axis. Numbers in the symbols indicate Fe coverage in Å.
The spin polarization of the secondary electrons at large coverage ͑ϳ50%-55%͒ is much higher than that of the conduction band of pure iron 12 due to the spin dependence of the mean-free paths of the secondary electrons. 13 The inset in Fig. 2͑b͒ shows the change in remanent magnetization direction ͑as revealed by the spin polarization of the secondary electrons͒ with Fe film thickness on a vicinal and a singular Ga-rich substrate ͑samples B and D͒. Both samples exhibit an initial remanent magnetization along ͗110͘, which results from a strong uniaxial anisotropy at the stage of very thin Fe coverage. This direction changes to one of the ͗100͘ directions with increasing film thickness. In both cases this is due to the thick Fe films beginning to show bulk bcc Fe features. These findings are consistent with the findings of Bland and co-workers. 14 We now turn our attention to the valence structure of the Fe films. Figures 3͑a͒ and 3͑b͒ are the results for a 90 Å Fe film on a vicinal, Ga-rich substrate ͑sample B͒, and Figs. 3͑c͒ and 3͑d͒ are for an 80 Å Fe film on a singular Ga-rich substrate ͑sample D͒. While the spin polarizations ͓Figs. 3͑a͒ and 3͑c͔͒ of both samples exhibit a ''dip'' at around 1.5 eV binding energy similar to that observed generally for Fe films, the variation in spin polarization shown by the Fe on the vicinal substrate ͑B͒ is more extreme than that exhibited by Fe on the singular substrate ͑D͒. In addition, both samples exhibit positive polarizations at E f . Figures 3͑b͒ and 3͑d͒ give the spin-resolved valence photoemission spectra that display a clear difference between the majority spin and minority spin. Interestingly, the double-peak structure in the majority-spin channel, which arises due to splitting in the Fe cubic crystal field, 15 is more pronounced for the Fe film on the vicinal substrate ͓Fig. 3͑b͔͒ than for Fe on the singular substrate ͓Fig. 3͑d͔͒. A pronounced splitting was also found for an Fe thickness of only 50 Å on a vicinal substrate. The enhancement may well be an indication of better crystallographic quality of Fe films grown on vicinal surfaces, consistent with our LEED observations. To summarize, we report preliminary details of the magnetic and electronic structure characterization of Fe films grown on vicinal GaAs͑001͒ substrates. As indicated by LEED, these films exhibit enhanced order compared with films grown on singular GaAs substrates. The films were studied by spin-resolved and spin-integrated photoelectron spectroscopy, which clearly indicated that the substrate steps influence the growth behavior and the resultant magnetic properties of the films. The first indications are that the vicinal film magnetic properties are much less sensitive than their singular analogues to the precise stoichiometry of the initial GaAs substrate surfaces, which is important for process control in a device fabrication environment. Pronounced peak splitting in the spin-resolved valence photoemission of vicinal Fe samples also suggests that the films are of high quality.
